Background and Purpose: Since physical inactivity is the major risk factor for recurrent
| INTRODUCTION
Physical inactivity is common after stroke (Alzahrani, Ada, & Dean, 2011; Billinger et al., 2014; Kono et al., 2015) , which is unfortunate since it is the risk factor for a new episode of stroke (Go et al., 2014) . On the other hand, people after stroke use more oxygen for the same activity as healthy people (Galea, Lee, English, & Ada, 2014 ), suggesting that their low level of physical activity may not render them as vulnerable to the risks of inactivity as healthy people.
It is therefore important to understand how level of walking disability impacts oxygen uptake by people after stroke during a given activity.
Oxygen uptake is the amount of oxygen consumed during physical activity. Converting oxygen uptake to oxygen cost (i.e., oxygen uptake per given amount of activity) allows comparison between people with different levels of disability (Kramer, Johnson, Bernhardt, & Cumming, 2016) . Knowledge of these variables is useful during rehabilitation, since a high energy cost will affect the ability to carry out activities of daily living (Danielsson, Willen, & Sunnerhagen, 2007) . For example, we know that the greater the walking disability in people after stroke, the greater their oxygen cost during ascending and descending stairs (Polese, Scianni & Teixeira-Salmela, 2015b) . Myslinski, Gade, & Deutsch, 2014; Platts, Rafferty, & Paul, 2006) .
Among these five studies, however, only the study by Platts and colleagues plotted the oxygen cost of walking against the level of walking disability (Platts et al., 2006) . Their plot illustrates a curvilinear shape, with oxygen cost increasing with level of disability. This is promising for the hypothesis that a lower level of physical activity may not render people with stroke as vulnerable to the risks of that low level of activity as healthy people. Despite identifying a curvilinear relationship, Platts and colleagues did not seek to analyse the relationship by, for example, reporting an equation or determining the amount of variability in oxygen cost that is explained by the severity of disability (Platts et al., 2006) . This is presumably because the authors were being appropriately cautious, for two reasons. First, the study had quite a small sample (n = 13), which would make it difficult to fit an equation. Furthermore, the range of walking speeds among the 13 participants ranged from 0.4 to 0.8 m/s, suggesting that they did not represent the full range of disability.
The aim of this study was therefore to examine the relationship between walking disability and oxygen cost during walking tasks. We chose to represent level of walking disability as comfortable walking speed, which has also been shown to be related to community ambulation and participation (Perry, Garrett, Gronley, & Mulroy, 1995; van de Port, Kwakkel, & Lindeman, 2008) . For example, stroke survivors who walk between 0.8 and 1.2 m/s can walk comfortably within their community. We planned to collect a large sample of people with various levels of walking disability after stroke, in order to have enough power to produce a robust analysis. We proposed to use the data generated to produce an equation of the relationship between level of walking disability and the oxygen cost so that clinicians could determine oxygen cost without the difficulty of measuring oxygen uptake directly. In order that the equation(s) generated would be related to ambulation tasks generally, oxygen uptake data were collected during three walking tasks, with all three sets of data entered into the model to analyse the relationship of walking disability with oxygen cost during walking tasks. If the equations showed a close relationship between disability and oxygen cost, this would allow clinicians to target intervention so that the fatigue due to a high oxygen cost during walking could be avoided.
This experimental study investigated the relationship between level of walking disability in people with chronic stroke and oxygen cost during different walking tasks. People with stroke, who could walk, were recruited from out-patient clinics in a metropolitan city in Brazil. Data were collected on two occasions, seven days apart at a university laboratory. On the first day, participants were screened for eligibility, informed consent was obtained, and information describing the characteristics of the participants was collected. On the second day, oxygen uptake was measured using a portable monitoring system during sitting and three walking tasks: (a) overground walking at comfortable speed, (b) overground walking at fast speed, and (c) stair walking at comfortable speed, in computer-generated random order. Rest intervals were provided between the walking tasks until heart rate returned to the resting levels. All measurements were collected at the same time of day (in the afternoon), with participants well hydrated. Participants were instructed to avoid strenuous activity in the previous 24 hr and were asked to keep taking their medications and avoid stimulants, such as coffee, black tea, or chocolate on the day of collection. Three assessors were present for each test, and all assessors were familiarized with the hospital emergency procedures in case of an adverse event.
The Universidade Federal de Minas Gerais Research Ethical Review
Board approved this study. All participants gave written informed consent before data collection began.
| Participants
People with chronic stroke were included if they were ≥20 years old, had a mean time since the onset of the stroke between 1 and 5 years, and were able to walk without aids. et al., 1994) . Independence was assessed using the Barthel Index (Mahoney & Barthel, 1965) . Walking distance was assessed using the 6-min Walk Test, which was carried out according to the recommendations of the American Thoracic Society (ATS Committee on Proficiency Standards for Clinical Pulmonary Function Laboratories, 2002), which were adapted to the Brazilian Portuguese language (Britto & Sousa, 2006) .
| Procedure
Level of walking disability was measured as comfortable walking speed, using the 10-m Walk Test and reported in m/s (Perry et al., 1995; Salbach et al., 2001; van de Port et al., 2008) . After familiarization, participants walked a 14-m course once in their usual shoes at their comfortable speed, and the time to walk the central 10 m was recorded and converted to m/s.
Oxygen uptake was measured using a portable monitoring system in supported sitting for 10 min to determine the resting oxygen uptake and then during the three walking tasks. For overground walking at comfortable and fast speeds, participants walked back and forth along 10-m course continuously for 5 min. For overground walking at comfortable speed, they received the following standardized verbal command: "walk at your normal and comfortable pace." For overground walking at fast speed, they received the following standardized verbal command: "walk as fast as possible safely but without running, as if to reach a bus that is about to pull out" (Nascimento et al., 2012) . For stair walking at comfortable speed, they ascended and descended a flight of stairs continuously for 5 min, holding the handrail. The flight of stairs had 11 steps (18 cm high and 30 cm deep). They received the following standardized verbal command: "walk at your normal and comfortable pace."
Oxygen uptake was measured on a breath-by-breath basis with a portable, lightweight telemetric gas analyser (Metamax 3B-Cortex, Germany), which has been shown to be reliable in people after stroke (Polese, Ada, et al., 2015a) . Heart rate was measured from a heart rate monitor synchronized with the portable monitoring system. Prior to all tasks, the portable monitoring system was calibrated (room air, reference gas, turbine, and delay calibrations) and set to record in 1-s epochs. The last 2 min of each task were recorded since it was assumed that this would represent steady-state activity (Wasserman, Hansen, Sue, Stringer, & Whipp, 2005) . The following variables were either measured or derived: absolute oxygen uptake (l/min), minute ventilation (ml•kg −1
•min −1 ), carbon dioxide production (l/min), respiratory rate (breaths/min), respiratory exchange ratio (VCO 2 /VO 2 ), heart rate (beats/min), and metabolic equivalent (METs). Oxygen uptake in ml 
| Data analysis
The characteristics of the participants are presented as mean (SD) or number (%). The oxygen uptake relative to body weight during sitting was compared with the values predicted for healthy people (Harris & Benedict, 1918 ).
The relationship between the level of walking disability and oxygen cost during the walking tasks was determined using linear regression analysis. Given that the three tasks were repeated measures of the same participants, a sandwich estimator was used to account for clustering. A likelihood ratio test revealed that a quadratic term improved the model (p < .01). The assumption of normality of the residuals, homogeneity, and homoscedasticity was met using a visual analysis. One equation was developed from the coefficients (B) for all three walking tasks. Bootstrap resampling (×1,000 replications) was used to obtain a 95% CI for R 2 . Mean absolute and root mean square prediction errors were generated.
3 | RESULTS
| Flow of participants through the study
One hundred sixty-nine people with stroke were screened. Twentyseven participants did not meet the inclusion criteria (n = 12 who had a stroke >5 yr, n = 12 who had a stroke <1 yr, n = 2 who could not walk, and n = 1 who had a new stroke), 31 could not be reached by telephone, and 56 declined to participate. Fifty-five people with stroke participated (Table 1) . They had a mean age of 59 years and were about 2 years after stroke. Approximately half were right hemiplegic, and most had ischaemic stroke. All participants were taking oral medications, primarily antihypertensive drugs. They were highly independent (18/20 on the Barthel Index) with a walking distance over 6 min of 332 m (SD 129). Five people did not perform the fast walking speed test with the portable monitoring system because they felt unsafe walking fast while wearing the mask. Oxygen uptake in sitting was 3% higher than that predicted for healthy people of the same gender, height, and weight predicted by Harris and Benedict (1918;  and heart rate) suggests that exercise intensity increased from walking at a comfortable pace to fast walking and then to stair climbing (Table 3) .
3.3 | Nature of relationship between level of walking disability and oxygen cost
Plots of oxygen cost, according to the level of walking disability, for overground walking at comfortable and fast speeds and stair walking at comfortable speed, are presented in Figure 1 . The plots have a similar curvilinear shape for all three walking tasks (Figure 1a,b) , although the magnitude of oxygen cost during stair walking was higher than for overground walking (Figure 1c ).
The level of walking disability was related to the oxygen cost of all three walking tasks, accounting for 81% of the variance in oxygen cost. (20) 93 (27) 103 (29) METs 2.5 (0.6) 3.1 (0.9) 3.9 (1.2)
Note. HR = heart rate; METs = metabolic equivalents; RER = respiratory exchange ratio; RR = respiratory rate; VCO2 = carbon dioxide production; VE = minute ventilation; VO2 = absolute oxygen uptake.
TABLE 2 Mean (SD) oxygen uptake (relative to body weight) measured at rest during supported sitting compared with that predicted from Harris and Benedict (17) , mean difference (95% CI) between measured and predicted oxygen uptake, and measured oxygen uptake as a proportion (95% CI) of predicted oxygen uptake showed that the level of walking disability explained over 80% of the variance in oxygen cost.
Oxygen uptake in sitting was collected to determine the resting oxygen uptake in people with chronic stroke. Oxygen uptake was similar to the predicted oxygen uptake in healthy people of the same gender, height and weight, only 3% higher after stroke. Furthermore, these findings in chronic stroke are in line with those reported for people at the acute and subacute phases of stroke (Finestone, Greene-Finestone, Foley, & Woodbury, 2003) . This suggests that the oxygen cost of overground and stair walking is attributable to the motor impairments associated with stroke and their resulting inefficiencies, rather than the disabled after stroke being hypermetabolic for the same walking task. Oxygen cost after stroke was higher than that reported in healthy people of the same age measured using the same equipment and procedure during overground walking (0.24
) and much higher than healthy people during stair walking (1.13 versus 0.17 ml•kg −1
•m −1 ; Polese, Ribeiro-Samora, Lana, de Paula, & Teixeira-Salmela, 2017) . Given that the oxygen cost of stair walking after stroke is so high, ascending and descending stairs or walking on a treadmill that is inclined could be used as a training stimulus to increase aerobic fitness.
Oxygen uptake after stroke increased by 20% as overground walking went from comfortable to fast speeds. However, the oxygen cost was the same at both comfortable and fast speeds. This is because as the speed increased, both the oxygen uptake and the distance covered increased, thereby keeping the ratio between oxygen uptake and distance covered the same. In contrast, while oxygen uptake increased by 61% during stair walking at comfortable speed compared with overground walking at comfortable speed, oxygen cost increased by 371%. Given that the main difference between overground and stair walking is that stair walking involves moving the centre of mass •m −1 , which is similar to that of overground walking at 0.18 ml•kg −1 •m −1 (Polese et al., 2017 ).
This study showed that level of walking disability was related to oxygen cost in a curvilinear fashion. This is in line with Platts and colleagues (Platts et al., 2006) . This is a high cost to sustain for a prolonged period of walking and is likely to lead to fatigue quickly. It is therefore important to increase the ability to walk at a higher comfortable speed using evidence-based strategies such as cueing of cadence (Nascimento, de Oliveira, Ada, Michaelsen, & Teixeira-Salmela, 2015) and treadmill walking (Polese, Ada, Dean, Nascimento, & Teixeira-Salmela, 2013) in order to decrease the •m −1 ) observed from previous studies and predicted from the equation developed in the current study, mean difference between measured and predicted oxygen cost, and measured oxygen cost as a proportion of predicted oxygen cost should be made available to people who remain very disabled, in order that they do not become housebound and socially isolated (Alzahrani et al., 2011) .
It should not be assumed that the oxygen cost of walking slowly in healthy people is the same as the oxygen cost of slow walking as the result of a stroke. It is known that a healthy individual walking very slowly will use more oxygen than walking at their preferred speed, but not as much as an individual after stroke (Platts et al., 2006) . This raises the question of whether activity monitors report energy cost of very disabled stroke subjects accurately. If energy cost is based on slow walking in healthy people (i.e.,~0.25 m/s, Waters, Lunsford, Perry, & Byrd, 1988) , it is likely that activity monitors underestimate the real energy cost to stroke people. However, this assumption remains to be investigated in future studies.
This study has both strengths and weaknesses. Its main strength is that it has a considerably larger sample (n = 55) than previous studies (n~12), thereby increasing the power of the findings. Additionally, the sample covered a large range of disability that was normally distributed (mean 0.84 m/s, SD 0.30, range 0.17 to 1.50, Z = 0.77, p = .60).
Finally, some external validation of the equation was possible. One weakness is that peak oxygen uptake was not measured, which meant that oxygen uptake during walking tasks could not be normalized relative to maximum. Also, the use of a 10-m walkway required more turns compared to longer walkways. Finally, we could have chosen to carry out the study where the participants were allowed to use their habitual walking aids. While this would have improved the external validity of the study, it would also have introduced a potential confounder (i.e., aid use may have altered gait efficiency), which may have obscured the relationship that the study sought to identify. Therefore, we acknowledge that the external validity of the study does not extend to those who use a walking aid.
| Implications for physiotherapy practice
This study found a curvilinear relationship between level of walking disability and oxygen cost during walking in chronic ambulatory people after stroke. An equation that accurately predicts oxygen cost during different walking tasks according to the level of walking disability is useful, since it allows clinicians to determine oxygen cost indirectly without the difficulty of measuring oxygen uptake directly. Clinical physiotherapists can confidently use this equation to predict the oxygen cost during three walking tasks. Furthermore, by recognizing when the oxygen cost will be high and therefore unsustainable for prolonged periods, physiotherapists can make alternative arrangements for independent mobility until the patient is able to mobilize with a reasonable oxygen cost. By recognizing the oxygen cost of particular tasks for individual patients, physiotherapists can also direct rehabilitation particularly towards improving comfortable walking speed.
